The concentrations of 19 elements in wild and genetically modified Nicotiana langsdorffii (N. langsdorffii) exposed to Chromium (VI) and to water deficit were determined and compared to provide new information about their response to abiotic stress.
Introduction
Plant material must be characterised for trace element in order to identify toxic elements, protect consumer health and safety, and call attention to the effects of stress and genetic modification on the accumulation of elements by plants.
Nicotiana Langsdorffii is a plant belonging to the genus Nicotiana, which includes a total of 62 species divided into three subgenera and 14 sections. This particular genus is extremely respectively, unpublished data). Frequently, only RSDs higher than 70% in elemental concentrations between pools of samples were statistically significant [22] . Such a variability is partly due to analytical problems. Moreover, the limits of detection (LOD) of trace elements, estimated as three times the SD of the blank solution, are frequently higher than their concentration in the samples. An adequate analytical methodology, aimed at reducing the uncertainty of the results, is therefore essential to assess statistically significant differences. It is necessary to obtain a repeatability of measurements with RSD below 10%. This can reduce the overall variability of RSD (including the variability between different specimens) to 40% or lower.
For over a decade, the use of inorganic mass spectrometry for multielemental analysis has been steadily intensifying because of the power of this technique in terms of the linear dynamic range of measurable concentration, flexibility for matrix variation and for saving time during analysis. However, considering the complex composition of the digested plant material, and in particular its trace element content, the accuracy and precision of the results are considerably reduced by isobaric interferences from polyatomic components [23] [24] [25] [26] [27] .
Even if the results and conclusions of the laboratory studies could not be completely transferred to the field because of the different conditions prevailing in these two diverse environments, this study may clarify the plant response to stresses by excluding or reducing the environmental effects. In a second stage, it will be easier to analyse the results of experiments carried out in field conditions. In this study, the analytical methodology was optimised. To identify the best analysis conditions for each element, three different modes were compared: inductively coupled plasma low resolution mass spectrometry (ICP-LRMS) and Octopole Reaction System ICP-LRMS (ICP -ORS -LRMS), the latter using two kinds of collision/reaction gas, He and H 2 . The methodology was applied to study the effects of adding a toxic element such as Cr(VI), of water deficit and of genetic modification on the 'ionome' of entire plants.
The method was applied to determine 19 minor and trace elements (Al, As, Ba, Ca, Cd, Co, Cs, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, Rb, Sr, V and Zn) in wild type of N. langsdorffii and in the type genetically modified by the gene codifying for the glucocorticoid receptor GR of rat and for the gene RolC of Agrobacterium rhizogenes. The wild and genetically modified plants of N. langsdorffii were cultivated under controlled conditions and exposed to water-deficit stress and chemical stress by chromium. To assess the significance of the ion profile and changes, measurements were carried out on a second culture experiment of wild and transgenic GR and RolC plants. To understand if stress has any effects on the plant's capacity to uptake some elements, results were discussed and compared with those reported by Ardini et al. [21] .
Experimental

Plant samples
Wild N. langsdorffii plants, genetically modified by inserting the GR gene encoding for the rat glucocorticoid receptor and for the RolC gene of the Agrobacterium rhizogenes, were hydroponically cultivated in agar containing Murashige and Skoog growth medium (Sigma-Aldrich).
The and at a temperature of 24 ± 1°C. Details about the culture are provided elsewhere [28] . Three groups of wild N. langsdorffii and transgenic N. langsdorffii plants were subject to chromium and water deficit stress for the purposes of a comparative study. To induce chromium stress, a final concentration of 50 mg L −1 of chromium VI (as K 2 Cr 2 O 7 , Merck Titrisol) was achieved in the LS medium. This concentration was determined on the basis of preliminary experiments to test the lethal dosage 50 (LD50) and on the basis of previous studies, about the use of other chemical agents such as Cadmium (Cd(II)) and different heavy metals concentrations (0, 25, 50, 75 ppm) [22] . Water deficit stress was achieved by adding poly(oxyethylene) to the agar at a final concentration of 20% (w/v). The whole culture experiment was repeated for the wild and transgenic plants to better assess their ionomic profiles. The plants analysed in this study were cultivated in the same manner as those used by Ardini et al. [21] Al, As, Ba, Ca, Cd, Co, Cs, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, Rb, Sr, Vand Zn were determined in 100 mg of each single specimen, which was previously lyophilised and homogenised.
Element analysis of the plants
Analysis were performed on the following nine sets, corresponding to a total of 75 samples:
-wild-type plants (N. langsdorffii WT), 10 specimens -plants genetically modified with the gene of rat glucocorticoid receptor (N. langsdorffii GR), five specimens -plants genetically modified with the gene RolC of Agrobacterium rhizogenes, (N. langsdorffii RolC), eight specimens -N. langsdorffii WT plants exposed to Cr(VI) at 50 mg L −1 concentration (WT-Cr50), 10 specimens -N. langsdorffii WT plants exposed to water deficit stress (WT-WD), eight specimens -N. langsdorffii GR plants exposed to Cr(VI) at 50 mg L −1 concentration (GR-Cr50), 11 specimens -N. langsdorffii GR plants exposed to water deficit (GR-WD), 10 specimens; -N. langsdorffii RolC plants exposed to Cr(VI) at 50 mg L −1 concentration (RolC-Cr50), seven specimens -N. langsdorffii RolC plants exposed to water deficit (RolC-WD), six specimens
Instrumentation
Measurements were carried out with an ICP-LRMS (Agilent 7500 ORS -Agilent Technologies Inc. Santa Clara, California) equipped with a Octopole Reaction System (ORS) and autosampler. The instrument was fitted out with a concentric nebuliser, a Peltier-cooled quartz spray chamber and a quartz torch with a quartz injector tube. Before each experiment, instrumental performance was optimised in terms of torch alignment, nebuliser gas flow rate, RF power and lens voltages. The tuning was carried out using an aqueous multielement standard solution containing 1 ng mL −1 of 7Li, 89Y, 205Tl plus 140Ce to estimate and minimise levels of doubly charged ions and oxide elements. Operating conditions are summarised in Table 1 . A multielement stock solution including all measured elements was used to perform a preliminary Pulsing/Analogue factor tuning of each element. Rhodium was used as internal standard.
Measurement by differential pulse anodic stripping voltammetry (DPASV) used to test the lead accuracy (element not present in the certified reference material) was carried out by means of a multipolarograph (VA computrace 797, Metrohm) equipped with an automatic system for standards dosage (Metrohm 800 Dosino). The working electrode was a preformed thin mercury film electrode (TMFE), plated on a rotating glassy carbon disk electrode (RGCDE), and Ag/ AgCl/KClsat was used as a reference electrode.
The total concentration of Pb was determined by analysing 15 ml of the sample (digested and diluted 1:50), which was kept for 20 minutes under N 2 gas flow and then transferred into the electrochemical cell where an Hg film had previously been deposited on the working electrode. The deposition potential was −0.7 V versus Ag/AgCl/KClsat, the deposition time was 900 s and the equilibration time was 30 s. The rotation speed of the working electrode was 3000 rpm. Quantification was carried out by the standard addition method. To avoid atmospheric contamination, all the equipment was located under a laminar flow hood.
To validate the ICP-LRMS methodology for arsenic determination, the trueness of data was also verified by atomic fluorescence spectrometry using plasma as an atomisation system; this analytical technique is not interfered with by chloride and therefore represents a good alternative control technique for this monoisotopic element. Measurements were carried out by means of an atomic fluorescence spectrometer (Titan 8220, Fulltech Instruments) using Argon as carrier gas. To feed the plasma, the instrument was equipped with an autosampler. The As(V) contained in the oxidised digested samples was reduced to As(III) by treating it with HCl and KI. It was subsequently treated with NaBH 4 to produce the volatile AsH 3 following the procedure previously described [29] [30] [31] .
Reagents
To obtain adequate LOD, ultrapure water (reagent grade) (18.2 MΩ cm) purified (Elga LabWater system, Veolia Water VWS, UK) was used for all steps, including the dilutions of samples and the preparation of standards. The ultrapure water counts registered by ICP-LRMS for all the elements were below the most diluted standard in the analytical range of each element. Hydrogen peroxide, Romil 33% and Ultrapure Nitric Acid Romil 65% were used for digesting the samples and reference material. All other materials used for microwave digestion runs were cleaned by an analytical grade nitric acid purified by double distillation in a DuoPur MLS Ghdb sub-boiling system (Milestone, Bergamo, Italy). To assess the accuracy of results, tomato leaf certified material NIST 1573a was used. 
Sample preparation and digestion
Lyophilised samples were mixed and homogenised by a grinder ball mill. The grinder, equipped with two PTFE vessel and grinder balls, was used to achieve a final fineness of~5 μm. A vibration frequency of 20 Hz was applied for 5 min.
Aliquots of about 0.1 g for each sample were digested in 6 mL of nitric acid and 4 mL of hydrogen peroxide using a temperature-controlled microwave oven (Ethos1-Milestone S.r.l. Advanced Microwave Digesting Labstation, Italy) according to the temperature programme reported in Table 2 . For each batch of microwave digestion, two procedural blanks and eight samples were prepared using the same aliquots of concentrated nitric acid and hydrogen peroxide.
Samples and blanks were diluted 1 to 10 before analysis. To determine highly concentrated elements, tests were carried out with a 1 to 1000 dilution. Finally, they were analysed according to the procedure described in the result and discussion. The blanks were analysed at the beginning of the sequence.
Statistical analysis
Repeatability was measured by measurements carried out on 16 aliquots from one sample obtained by mixing lyophilised plants of N. langsdorffii, which were ground and merged to obtain one homogeneous sample. The trueness for the determination of Al, As, Ba Ca, Cd, Co, Cr Cs, Cu, Fe, K, Mg, Mn, Na, Pb, Rb, Sr V and Zn was evaluated by analysing eight aliquots of tomato leaf certified reference material, NIST 1573a [32, 33] . As the concentration of Pb was not certified, trueness was verified by comparing the results obtained by ICP-LRMS to those obtained by DPASV. Arsenic was also determined by hydride generation-atomic fluorescence spectroscopy.
The t-test and the F-test were used to compare the elemental mean concentrations in the whole plants and to point out significant differences at the 0.05 level.
PCA results obtained for the wild and OGM plants, unstressed and subject to abiotic stress, were applied to reduce the data dimensionality. Because the chemical stress was performed with chromium, the latter's concentration was excluded from the data set used for PCA. The interpretation of PCA results was based on the loading and the score plots related to the first two principal components. All statistical data analyses were performed using the Statgraphics Centurion XVI.I (Manugistics, Inc., Rockville, MD, USA) software package. 3. Results and discussion
Method optimisation
The method was optimised and validated for the multielemental analysis of N. langsdorffii, to reach the adequate precision necessary to assess the relatively low difference in the concentration of trace elements between stressed and unstressed samples. The procedure was optimised for sample milling. A lyophilised samples were preliminarily ground using a ceramic knife on a PTFE trencher, followed by a ceramic mortar and pestle to obtain a fine grinding. The method was not adequate to homogenise samples of fibrous consistency and was susceptible to several possible source of uncontrolled contaminations. Therefore, it was opted for a mill with PTFE vessels and PTFE dressed grinding balls, which minimised both the grinding time and sample contamination. The procedure's frequency of use and grinding time were optimised to reach the best homogeneity and to avoid the sample packing due to excessive grinding; the optimal conditions were 5 min at a frequency of 20 s −1 . As the SD (expressed as µg g ) of measurements carried out on the N. langsdorffii samples was comparable to that of measurements carried out on aliquots of the reference material (see Table 4 ), the samples could be considered as completely homogeneous.
To find the right sample aliquot size for digestion, four increasing aliquots of dry samples (0.05 -0.1 -0.2 and 0.3 g) were tested using the same quantity and composition of digesting solution (6 mL of nitric acid and 4 mL of Hydrogen peroxide). As the two largest aliquots were incompletely digested and left a residue on the inner surface of the microwave oven vessels, they were excluded. Between the aliquots of 0.1 and 0.05 g, the first was chosen to increase the concentration of less abundant elements.
As previously described in the instrumental analysis section, the acidic solution for the samples and certified materials was diluted 1 to 10 to fit the instrumental dynamic range. The most abundant elements, such as sodium, magnesium, potassium and calcium, were also analysed after a dilution 1 to 1000.
A study was carried out to reduce systematic errors deriving from isobaric and/or polyatomic interferences and to select the isotope to be used, the necessity to use a collision/reaction gas; the most effective gas flow (if necessary); and the right sample dilution.
A multitune instrumental method was developed, including a total of five analysis modes: normal mode, without the use of collision/reaction gas; 2 mL min −1 of helium flow; 3 mL min −1 of helium flow; 4 mL min −1 of helium flow; and 2.5 mL min −1 of hydrogen flow. To emphasise matrix effects, a preliminary test was carried out on tomato leaves and the results were compared using match-calibration and external calibration curve. As the concentration obtained did not show any significant difference, the quantification was always performed using the external calibration. The analytical dynamic range was chosen on the basis of the expected element concentration range in N. langsdorffii and the limited variability. It was therefore preferred to keep one limited linear calibration interval and, in order to obtain better repeatability, to maximise the instrumental reproducibility. Tests were carried out considering one dynamic range of two orders of magnitude centred on the mean concentration detected in N. langsdorffii. For all the elements, we noticed very little variation of the curve slope extending the concentration of one or two orders of magnitude; the correlation coefficient was always above 0.99. The linear regression of the calibration curve used was not forced through zero.
The LOD expressed as concentration in the dry samples are reported in Table 3 . They are calculated as three times the standard deviation of six blank repetitions, considering 0.1 g of sample and 10 mL of digesting reagent.
Part of this work focused on optimising the 'Selectivity' of the method, streamlining the analysis condition to minimise the interferences for each isotope. To decide the best acquisition modes, 'Helium curves' -a sequence of the signal acquisition as a function of the collision/ reaction gas flux -were used for some isotopes. These curves were acquired using one sample and the certified material. Measurements were carried out on the original sample and the sample when the element concentration was increased by 100 ppb of standard solution (Figure 1 ).
The corresponding curves were then overloaded to find the flow of higher effectiveness of the ORS; these correspond to the flow showing the maximum signal difference between two overloaded curves. Because of the limited availability of the sample, this procedure was carried out for the more problematic elements (Fe, Ni, As, Mg) and not for every isotope.
In light of the previous observations, the method will be briefly discussed element by element. Unless otherwise stated, the used dilution for the digestion solution is 1 to 10 and the run bias is <5%.
The best experimental conditions for each element are reported in Table 4 , together with the isotope used, the collision/reaction cell experimental condition and the analysis mode.
Eight elements (Al, Ca, Cr, Mn, Rb, Cd, Ba and Pb) were detectable without using the collision/reaction cell because no isobaric interferences from other elements and/or polyatomic species were evident.
Aluminium -As interferences for 27 Al are normally limited, the element was determined in normal mode. The only interferences can derive from 11 . Because of the reduced Boron concentration, a good trueness without the use of any collision/reaction gas was also found. The recovery was 99%. Ca. These isotopes have a reduced abundance but are not affected by isobaric interference. In our case, no interference from polyatomic species was observed. Excellent results were obtained using the 44 Ca isotope in normal mode; the recovery was 93%.
Chromium -52 Cr, heavily interfered with by 40 Ar 12 C and other species, can be determined by using He or H 2 as collision gas. In the case study, there was no meaningful improvement in comparison with the analysis of 53 Cr in normal mode; the recovery was always higher than 90%.
Manganese -55 Mn was measured in normal mode and the use of helium or hydrogen did not seem to cause any improvement in the trueness. The best results were obtained with more diluted samples. This dilution can be justified in consideration of the fact that the manganese concentration in Nicotiana samples is higher than in the certified material.
Rubidium -85 Rb did not require the use of any collision/reaction gas. The recovery was 98% and the precision as RSD was 2%.
Cadmium -The only isotope not interfered with by isobaric species is 111 Cd. Some potential polyatomic disturbing ions are 40 Ar 71 Ga and 69 Br 32 S. However, because concentrations of Ga and Br were very low, no significant interferences were observed. The use of Helium did not improve the trueness. Barium -137 Ba did not require the use of any collision/reaction gas. This element did not suffer from significant interferences in our matrix.
Lead -Lead is not a certified element in the NIST1573a. In our analysis, Lead content was quantified using Pb isotope analysed in normal mode. The second group of elements (Na, Mg, Co, Fe, Ni, Cu, Zn, As and Sr) was detected using He as gas for the collision cell.
Sodium -For the analysis of 23 Na, Helium is normally recommended to avoid interferences from 7 Li 16 O. Indeed, the concentration of Lithium that we measured was high, 424 ppb (Lithium concentration is not certified), leading to interference problems. The best fitting results were obtained by using 4 mL of Helium. The recovery was higher than 99%.
Magnesium -Interferences in the determination of this element can derive from 48 Ti ++ and C-C + . The best trueness was obtained with 2 or 3 mL min −1 of Helium with similar recovery (better than 95%) results. A good agreement of results was found diluting 1 to 10 and 1 to 1000 and using the same collision gas flow. Because the concentration in the N. langsdorffii samples was one order of magnitude lower than in the certified material, the dilution used to determine this element was 1:10. 14 N. They were efficiently resolved using 3 mL min −1 of Helium as collision gas; the recovery was 95%.
Cobalt -This monoisotopic element usually does not suffer from interferences and was therefore normally analysed without collision/reaction gas. However, we observed that the use of the collision/reaction cell, 2 mL min −1 of Helium or 2.5 mL min −1 of Hydrogen decreased the bias from 8 to 5%.
Iron -
56
Fe is heavily interfered with by 40 Ar 16 O, which makes mandatory the use of a collision/reaction gas. When the gas flow ranged between 2 and 4 mL min −1 , the recovery rates were between 96 and 103%. The best result was achieved with a Helium flow of 4 mL/min for both 56 Fe and 57 Fe. However, for the latter isotope, the interference was not sufficiently correct when a lower Helium flow was used; the use of Hydrogen as reaction gas did not show any advantage compared with Helium.
Nickel -60 Ni is the most abundant isotope measurable (at m/z 58 there is an isobaric interference from 58 Fe that cannot be resolved by the collision/reaction cell). Cl. The best gas flow with a good equilibrium between trueness and total signal decrease was obtained using 3 mL min O. As the content of this element in the reference material was not certified, only one reference value was reported. Although the recovery using normal mode was 103%, the best trueness result was obtained using 2 mL min −1 of helium, and the recovery was 99.7%. This procedure was therefore preferred. The third group required the use of Hydrogen as gas for the reaction cell. 
. The interferences were best resolved by the collision gas H 2. Indeed the results of the measurements, in normal mode or with the use of helium, were significantly better than those of the reference. For this element, the accuracy was improved by dilution 1 to 1000.
3.2 Ion-profile variation in N. langsdorffii plants subjected to abiotic stress and genetic modification Table 5 reports the mean concentrations of elements in wild and transgenic N. langsdorffii plants, unstressed, exposed to 50 mg L −1 of chromium (VI) and to water deficit stress. The Table 5 . Elemental mean concentrations and standard deviation obtained for the whole plant (as
). Comparison between wild type Nicotiana langsdorffii (WT) transgenic for rat glucocorticoid receptor (GR) and transgenic for Agrobacterium rhizogenes (RolC) exposed to Cr(VI) at 50 mg L −1
concentration (WT-Cr50, Gr-Cr50, ROLC-Cr50) and exposed to water deficit (WT-WD, Gr-WD, ROLC-WD). improvements in the methodology allowed us to decrease the whole RSD (i.e., method repeatability and variability within specimen sets) from 60%, as previously reported [28] below 30% for the majority of elements. This allowed us to highlight significant differences, between the element content of the different plants sets at the 0.05 level, and to provide a more rigorous assessment of the element uptake mechanisms. A decrease in macro-and micro-elements concentration (Ca, Co, Cu, Fe, K, Mg, Mn, Zn) was generally observed in the transgenic and chemically or physically stressed plants compared to wild unstressed N. langsdorffii plants. Similar observations are reported in the literature. Chen showed that the addition of toxic levels of As, Cd, Cs, Ni, Mo, Sn in the culture medium of Lotus japonicus reduced the uptake of elements essential for plant nutrition, such as B, Mg, K, Ca, Mn and Zn [34] . Our research shows that the arsenic content in stressed plant is higher and that the increase is more evident in genetically modified plants. Only the wild N. langsdorffii stressed by Cr show no significant difference in concentration with respect to unstressed ones; however, more studies may be useful to check this behaviour. The increase in As content in plants submitted to chemical stress by chromium(VI) agrees with the data reported by Chen [34] . The latter observed that the addition of toxic elements to the culture medium increased, although with less evidence, the level of As concentration in the shoots and leaves in wild Lotus japonicus. In our study, other elements whose concentration is affected by stress included V, Sr, and Al. However, the differences present no analogous clear trend.
The evaluation of differences among plant groups based on all the chemical parameters was carried out by means of a principal component multivariate statistical method. This procedure was used mainly to achieve a reduction of dimensionality. The statistic used to summarise the most important results was the proportion of the total variance explained by the first two principal components. The interpretation of PCA results was based on the plots of the coefficients (or loadings) of variables and the scatter plot of the sample scores with reference to the first two principal components.
The data matrix used for PCA considered the element concentration as variables, after standardisation, and the specimens as objects.
The explained variance from the first two principal components was 63% (46% and 17%, for the first and the second component, respectively). Such variance is connected to the high correlation among the many variables, which is generally higher than 0.6-0.7.
PCA of data from a significant number of samples (75 cases, in this study) allow to highlight the relationships and connection between the elements.
The plot of the component weights on the first two PCs is reported in Figure 2 . High correlations are evident between the principal elements (Ca, Co Fe, Mg, Mn, K) and Rb. These variables have relatively high and similar weights on the first principal components, ranging from -0.340 for Co to −0.283 for Zn. Cadmium, a known toxic element, also shows a high correlation with these nutrients and has a relatively high weight on the first main component. It is known that cadmium at high concentration may compete with nutrient uptake by affecting the permeability of the plasma membranes, changing the nutrient concentration and leading to physiological disorders which reduce growth and yield [9] . However, if the cadmium concentration is not high enough to produce phyto-toxic effects, it can follow the distribution of bioessential elements. The first component differentiates wild type of N. langsdorffii from genetically modified ones and/or from those submitted to chemical and water deficit.
As, Sr, Al, Na and V present the highest weights on the second PCA; As, Sr and Al (whose weight are 0.321, 0.414 and 0.330 respectively) are negatively correlated with Na and V (−0.451 and −0.421). The component differentiates the plants submitted to stress, as highlighted by the score plot (Figure 3) .
The second principal component differentiates between two groups. The first includes all the plants submitted to water deficit stress and those genetically modified by the RolC gene, stressed and unstressed. The second is formed by N. langsdorffii WT plants stressed by Cr and by plants genetically modified by gene GR stressed by Cr and unstressed.
Parallel to our research, Ardini et al. [21] differentiated, in plants cultivated in the same manner, the element content in the roots, stems and leaves. However, they did not discuss the effect on the content of the whole plants and they did not presented information on the relative mass contribution of each part on the entire plant weight. Our partial information on relative weight are the roots weight represents 10% of the total weight in the wild plants, while in the N. langsdorffii GR, the rate is 5% and in the N. langsdorffii RolC, it is below 3%. This clearly indicates that the single parts of plants contribute differently to the entire plant concentration. We do not have any information about the separate contribution of stems and leaves on the total weight but only the aerial part contribution as a whole. Therefore, the study of Ardini et al. allows one to observe effects on the translocation of elements from the roots to the leaves, but not estimate the effect on the uptake at roots level. Ardini's study emphasised that the roots of plants exposed to chemical stress are characterised by higher concentrations of some trace elements (Ca, Cr, Fe), while other forms of stress (water deficit or genetic modification) increase the root concentration of, Cu, Fe, Zn, in comparison with unstressed specimens. This study also established that the concentration of some elements in the roots (K, Rb) is lower in plants that are exposed to abiotic stress or genetically modified, producing a different relative distribution inside the plant parts. In our study, a decrease in concentration in the whole plant of Ca, Co, Cu, Fe, K, Mn and Zn was observed. We can therefore say that the chemical stress, despite the plant's decreased efficiency in translocating Ca and Fe from the roots to the stems and leaves (as emphasised from Ardini et al.), produces a decrease in uptake. In the study by Ardini et al., water stress and genetic modification did not affect the translocation of Co, Cu, Mn and Zn, while our study shows a general decrease in the concentration, indicating that genetic and abiotic stress does influence the uptake of these elements. It is known that genetic and abiotic stress can severely affect the plant's nutritional status, because of the specific and complex interactions between metabolic reactions within plants, such as translocation, compartment and circulation of elements [34, 35] . Ardini et al. emphasised the changes in element distribution between roots, stems and leaves. If we consider the results obtained in our study by evaluating the concentration of the elements in the whole plant, it is possible to state that such differences originate from changes in the translocation mechanism. If the changes in element distribution between roots, stems and leaves observed by Ardini et al. are analysed also considering the concentration of the whole plant, the results suggest that such differences originate from changes in the translocation mechanism. However, as genetic and chemical stress decrease the macro-and micronutrient content of the whole plant, one can say that the uptake at root level is also affected. In particular, the increase in concentration of elements such as As, Sr and Al indicates a decrease of selectivity in the uptake of potentially toxic elements, thereby highlighting the effects on metabolic processes.
Conclusions
Even if the results carried out in hydroponic conditions cannot be completely transferred to the field because of the different conditions prevailing in the two environments, this study may clarify the plant's response to stress by excluding or reducing the environmental effects.
Thanks to this optimised analytical methodology, it was possible to highlight significant differences in the concentrations of the selected elements in N. langsdorffii plants, unstressed and stressed by water deficit and chemical factors (exposure to chromium). The LOD of the elements were regularly at least one order of magnitude lower than the concentration detected in the analysed specimens; in the model plant and reference material, only selenium presents a concentration comparable to the LOD. Three different procedures were used in relation to collision/reaction cell conditions to determine the concentration of the 19 elements. Determination of Al, Ca, Cr, Mn, Rb, Cd, Ba and Pb requires no collision/reaction cell because there are no evident disturbances from isobaric interferences of other elements and/or polyatomic species. The recovery range was between 90% and 104% for Cr and Mn, respectively. Na, Mg, V, Fe, Co, Ni, Cu, Zn, As, Sr and Cs were better determined by using different flows of He as gas for the collision cell, and the recovery range was between 95% for 59 Co and 115% for 75 As using 2 mL min −1 of He. K and Se were better determined by using hydrogen as collision/ reaction gas (2.5 mL min −1 ). Comparison between plants subjected to chemical, physical and genetic stress and unstressed plants shows significant differences in element concentrations, especially for bioessential micro-elements. As a rule, a significant decrease of nutrients concentration (Ca, Co, Cu, Fe, K, Mg, Mn, Zn) was observed in the transgenic plants and in chemically or physically stressed plants in comparison with the unstressed wild type. Among all of the elements analysed, As, V, Al and Na are affected by genetic and physical stress.
Plants submitted to water deficit stress show a significantly lower concentration of Na and As; chemical stress by Cr increases the content of V, while the plants genetically modified by RolC show a lower content of Na and higher concentrations of As and Al. PCA emphasises the lower content of micronutrients in plant subjected to genetic and physical stress and indicates a difference between plants exposed to chemical stress and those submitted to water deficit stress. The analysis of the element content of the whole plant, also considering the data found in literature, allows us to hypothesise an effect on the metabolic mechanism of uptake and translocation of elements inside the plant organism, especially with regard to essential elements. The increase in concentration of elements such as As and Sr in the whole plant seems to highlight a decrease of selectivity in the uptake of potential toxic elements at root level.
